Honeybees are vital to both agriculture and ecology, primarily through their major role as pollinators. However, they have been in major decline over recent years due to a variety of factors. In this paper, we discuss a user-centred (bee-centred) design approach to creating an intelligent living environment to promote the well-being of honeybees, in an effort to stop their decline.
INTRODUCTION
The honeybee (Apis mellifera) is of vital importance both to humankind and the wider ecosystem, primarily because of its major role as a pollinator of crops and a wide range of other flowering plants. However, over recent years, honeybees have been suffering a terrible decline in numbers, due to a variety of factors including parasites and diseases (including the varroa mite and European and American foulbrood), the use of pesticides such as neonicotinoids, and large scale single crop agriculture, which can restrict bees' sources of food and pollen. Furthermore, conventional beekeeping, which has optimisation of honey yields for sale and human consumption as its principal aim, includes many practices which may not actually be in the best interests of the honeybees. Aspects of the bees' natural behaviour, including breeding and swarming, tend to be suppressed, which probably contribute to decline in genetic diversity amongst honeybee populations, making them less resistant to diseases, pesticides and the negative effects of parasites. Furthermore, over-frequent inspection of hives is disruptive and stressful to the bees, tends to remove the bees' natural protective materials (notably propolis, used to seal the hive from outside threats), and can actually increase the transmission of diseases and parasites between colonies.
User-centred design has been an approach which has yielded many benefits to users in the design, development and deployment of many technologies and devices -such an item is more likely to be useful to and easy to use by people if they were consulted and considered during its original design. In this paper, we discuss how this approach could be used in the design, development and deployment of an intelligent living environment for honeybees -in other words, the development of a smart beehive. However, having honeybees as the "users" creates an issue not encountered in human-centred design : unlike human users, honeybees cannot tell the designer what they want or need ! Instead, we need to rely on the research findings of entomologists, animal behaviourists and ecologists to judge what features are likely to be of benefit to the honeybees within a smart beehive.
The remainder of this paper is structured as follows. In the next section, we review some important work by ecologists and entomologists who have researched honeybee behaviour and what things seem to be important for bees when choosing a place to live in the wild or, if given a choice, in a domesticated situation. We then describe some previous approaches to using electronic sensors to monitor the lifestyles and wellbeing of bees and other animals. Subsequently, we detail our approach to the design of a smart beehive, discussing both the physical environment and the sensor network embedded in it. We then describe the current deployment of such hives and how we intend to analyse and interpret the data they yield. Finally, we present and discuss our findings so far, and propose how this work could be further developed in the future.
HONEYBEE BIOLOGY, ECOLOGY AND BEHAVIOUR
Honeybees are social insects, living in large colonies of many thousand individuals. Adult honeybees of a single subspecies come in three distinct types. The majority of individuals in a colony are workers -sterile females, whose roles are to maintain the home of the colony, forage for food and pollen, nurture the brood (infant bees) and protect the colony against predators and thieves. The adult queen is a reproductive female, genetically essentially the same as the workers, but fed a special diet during infancy. After the queen has mated, her role is essentially one of laying eggs. An adult queen can live for several years, but once a new adult queen has emerged, the older queen will tend to leave the colony, taking a large number of workers with her in a swarm. The third type of honeybee is the drone -a male whose primary role is to mate with a queen. Swarming is an important part of honeybees' natural lifestyles, and probably contributes positively to their genetic diversity as colonies divide and one part moves to a different location, giving queens the chance to mate with drones from other colonies. Yet swarms are often mistakenly believed to be a threat to public welfare (although, in fact, swarming bees are usually very passive) and beekeepers do not wish to lose a large proportion of their bees in swarms, so discourage their bees from swarming (e.g. by clipping the wings of queens).
Unlike many other insects, honeybees do not hibernate during the Winter in temperate climates, although they are much less active in terms of foraging in Winter. This lack of hibernation enables bees to become fully active as pollinators very early in the Spring, whereas most other pollinating insects require quite a long period to build up their numbers before becoming fully effective in their role as pollinators. Bees are sustained through the Winter by their stores of honey, which not only provides energy but also essential nutrients. Beekeepers often remove the majority of a colony's honey for human consumption, substituting a sugar-based fondant. However, the latter is purely a source of energy and does not provide the same nutritional elements as the former, probably to the detriment of the bee colony. In order to maintain appropriate conditions for living and for the development of brood, bees try to maintain the internal temperature of their nest at a constant 34ºC regardless of the external temperature.
When seeking out a new home, honeybee colonies send out scouts to explore and locate potentially suitable sites. Bee ecologists, most notably Frisch (1955 Frisch ( , 1993 and Seeley (1985 Seeley ( , 1995 Seeley ( , 2010 , have studied the bees' preferences, habits and communications when foraging and seeking and exploring possible nest sites.
Over the course of many years, Seeley observed honeybee behaviour in experiments, controlled as well as was feasible, in terms of their preferences for hive size and shape, orientation, height off the ground, and size and shape of entrance (for bees to enter or exit the hive) when they were offered a choice of various empty hives of different designs and orientations. His findings (Seeley 1995) were that bees preferred a hive of medium size, with example hives of capacity around 40 dm 3 being favoured over examples of capacity 10 dm 3 or 100 dm 3 , and favoured an orientation with a relatively small entrance/exit (probably to deter raids from larger predators), near the bottom rather than the top of the hive, which was South facing rather than North facing. The shape of the entrance/exit hole did not appear to be of high importance, with bees being equally satisfied with a circular hole as with a rectangular one. Traditionally, man-made beehives have come in two basic designs : the old-fashioned "skep", typically made of basketwork and of a roughly paraboloid shape, and the more modern cuboidal design, made of several boxes in layers (allowing, for example, the queen and brood cells to be kept separate from the main area used for honey storage), with removable rectangular frames to facilitate the bees building honeycombs. However, wild or feral honeybees will build nests in pretty much any convenient space or locationwith hollow tree trunks and sheltered corners of abandoned buildings being particularly favoured (Seeley & Buhrman, 2001) , and some nests in trees being approximately spherical or "tear-drop" shaped overall. Some beekeepers have experimented with hives of such shapes. However, Seeley (1995) found that, given such choices, honeybee colonies showed no significant preferences for hive shape, and tall cuboidal shapes were no more or less favoured over cubical hives of the same capacity. However, offering the bees some form of supporting framework (e.g. an open wire mesh, or old empty honeycombs) on which to build new or maintain existing combs did appear to be welcomed by the bees. The choice of a relatively damp or dry, or draughty or sheltered, location did not make a significant difference to the bees' preference of hive -presumably because bees are very effective at blocking holes and gaps, and using propolis or wax to make the hive waterproof and draught-resistance. However, bees did appear to prefer a hive which was relatively far off the ground rather than very close to it -a feature which again probably evolved to make colonies more resistant to attacks from predators. A summary of Seeley's research findings is given in Table 1 . In section 4 below, we will discuss our strategy, using the empirical findings of Seeley and others, to use a "bee-centred" design approach to create an intelligent living space (or hive) to promote the well-being of honeybees, taking their preferences into account and also monitoring their condition in a non-invasive way, minimising the need for disruptive inspections of the interior of the hive. 
PREVIOUS WORK ON MONITORING HONEYBEES
There have been several previous approaches to monitoring honeybees whilst going about their daily lives. Although beekeepers and naturalists had identified some of the social and communicative phenomena produced by honeybees, including some qualitative aspects of the sounds they make and their famous "waggle-dance", the first really systematic scientific study of these was carried out by Frisch (1955 Frisch ( , 1993 , who identified and successfully interpreted the subtle and complex information encoded in this dance, which enables a large number of worker bees to find good sources of nectar and pollen based on evidence provided by a single "scout" bee.
The first serious attempt at automatic monitoring of bees was Woods' (1957) apiductor (Boys, 1999) a sound recording and acoustic analysis system specifically designed to monitor the sounds made by bees. Much more recently, Ferrari et al (2008) performed acoustic analysis of bee sounds using Power Spectral Density (PSD) and spectrograms, although the hive temperature was monitored as well. The results of the investigation revealed significant acoustic characteristics in the immanent lead up (1/2 hour prior) to a swarming event. They had in fact identified the short term "buzz running" signal, so the signals identified could not be used as a long term prediction of swarming. Bencsik et al (2011) also employed spectrographic analysis to study acoustic data on sounds and vibrations made by bees, making use of Principal Components Analysis (PCA) and eigenspectra to identify and classify the sounds and vibrations. One slightly unusual aspect of their work was the use of accelerometers in place of conventional microphones to gather their acoustic/vibration data. Howard (2012) and Howard et al (2013) attempted to use acoustic signals produced by a honeybee colony in an attempt to identify whether the colony did or did not include a healthy queen bee -the former being called "queenright" and the latter "queenless" states. In those studies, spectral analysis and a Self-Organising Map (Kohonen, 1995) were employed to classify and distinguish between the two states. Boucher et al (2009) studied the interactions between worker and drone honeybees. Qandour et al (2014) used acoustic analysis to detect infestations of parasites in a colony of honeybees by comparing the "acoustic fingerprint" based on spectral features of a given hive to "fingerprints" of hives with known status. In contrast, Meikle & Holst (2015) take a more holistic approach, proposing continuous monitoring of honeybee hivesmeasuring weight, temperature, humidity, respiratory gases, vibration, sound, and forager traffic and combining information from different kinds of sensors -to obtain a more complete picture of colony status and well-being in the field without disturbing the hive or the bees it contains. This latter approach is what we aim to adopt in this project.
BEE-CENTRED HIVE DESIGN
Following the bees' preferences found by Seeley and others, we have implemented two hive designs which aim to promote the well-being of honeybees. It should be noted that in both these cases, the primary environmental role of the bees has been assumed to be that of pollinators of plants (crops or otherwise). In the former case, the possibility of harvesting honey from the colony was not considered at all, whilst in the latter it was only a secondary consideration, and we take the point of view that, since honey is the most natural and beneficial foodstuff for bees, containing essential nutrients which are not present in sugar-based substitutes provided by human beekeepers, and noting that such a source of food (and hence energy) is essential to the survival of honeybee colonies over the Winter months. Thus, any harvesting of honey which does take place must be restricted to a level which the bee colony can afford, since maintaining the well-being of the bees and promoting their vital role as pollinators are our primary concerns.
We have identified a hierarchical set of levels of monitoring and intelligence to be incorporated into hive designs. Level 0 is essentially including no monitoring, but each successive level increases the number and range of different types of sensors embedded within the hive, and the level of analysis and artificial intelligence required. However, it is not simply the case that the higher the level of monitoring, the "better" the hive : such sophistication comes with financial, computational, data storage and energy costs. A wealthy person who keeps a small number of beehives as a hobby may be able to afford the costs of a bespoke level Precludes the panic and risk to the public in the event of a swarm
• None 1 Swarm prediction system. Systems exists to predict the swarm at different times and different accuracies.
Provides warning but does not provide any help in managing the swarm.
• Mass
Swarm management system, varroa mite treatment system. Include a plan to tempt the swarm with new housing, and monitor that choice and distribution for analysis.
Does not provide enough information about the health of the colony, re pathogens such as bacteria, viruses, fungi and mites?
Monitoring of Wellbeing. Video analysis of hive entrance can examine excrement from hive, identify mites, determine general health issues.
To understand complex neural behaviour of bee colony, multiple metrics have to be considered.
Full Monitoring. Required to collect quality data for analysis. Provides a wealth of information current and future analysis. Certain signals could be better interpreted with a greater knowledge of the environment under study.
Full monitoring is expensive and convoluted -requiring a lot of data to be stored. How can we reduce the cost? of hive complexity which is entirely inappropriate to peasant farmers, yet healthy, thriving honeybees are possibly even more important to the latter. A trade-off is required between the level of hive technical sophistication and the costs identified above. Our hierarchy of hive monitoring levels is given in Table 2 .
Design of "Dumb" Bee-Centred Hive
Our first approach was to design and build a set of hives which took on board Seeley's (1995 Seeley's ( , 2010 analyses of honeybees' preferences regarding the design, configuration and location and orientation of hives or nests, without the worry of including a sensor network and the consequential data storage and analysis hardware and software, in order to see if this simple "dumb hive" design proved attractive to swarms of bees. These were made in the shape of a relatively long cylinder with a hemispherical top end, giving a capacity close to Seeley's stated optimal value of 40 dm 3 . A skeleton of steel rods was created, and a surface of narrow cane basketwork woven around this framework, then covered in a layer of plastic "bubble wrap" to act as thermal insulation and waterproofing. (See Figure 2(a) ). The cane inner surface should provide a suitable attachment medium from which the bees could build their honeycombs. This cane surface was then surrounded with a layer of plastic tape to act as a further layer of weatherproofing, and the hive then painted a light colour to assist thermal regulation in bright sunlight. The base of each hive had a funnel shape with a circular hole of area approximately 20cm 2 at the bottom, again in line with Seeley's recommendation, both to allow the bees to enter and exit the hive and to allow detritus to fall out or be ejected in a simple way. The hives were to be fixed to trees using a steel bolt (150mm long, 10mm diameter) attached to the hive's steel frame near the top of the hive using a 5mm wide steel strip, and a steel spring at the bottom of the hive. The attachments and hives were load tested to 80kg over empty weight, which was believed to be well in excess of the likely additional mass (or weight) due to the presence of bee colony, combs, brood and honey all together. Finally, each hive was fixed to a tree, at a height some metres above ground level, as close as possible to Seeley's recommended value of 5 metres.
It should be noted that this design of hive had various disadvantages. Firstly, its closed structure meant that the hive could not easily be adapted, nor its interior inspected, once completed or deployed. Although its design may be bee-centred and bee-friendly, it does not allow a beekeeper to check the bees for parasites (e.g. varroa mites or foulbrood) or general health once it has been put in place in the field. This may even go against regulations relating to animal health and welfare. Furthermore, the hive is explicitly not designed to facilitate honey harvesting. These two factors together suggest that this design is unlikely to be widely adopted by beekeepers.
BEE-centred Design of a "Smart" hive
Taking note of the above issues, and the preferences of honeybees discussed by Seeley (1995) , we proceeded to design a "smart" beehive, according to the following principles :
(i) The design should be bee-centred and bee-friendly, taking account of Seeley's observations of honeybees' preferences as far as is feasible; (ii)
The design should allow the installation of sensors to permit an appropriate level of automated monitoring of the hive and any bee colony in it, in order to minimise the need for human intervention;
(iii) The hive design should permit manual inspection of its interior and the bees within it when necessary, for example to check for parasites and diseases such as varroa mites or foul brood; (iv)
The hive should be suitably weatherproof for outside deployment; (v) If fitted with sensors, data network, data storage and power consumption issues need to be taken into account; (vi) The hive must be of sufficiently low cost to be affordable by ordinary beekeepers and/or farmers.
It is clearly not easy to satisfy all the above criteria simultaneously, particularly bearing in mind the issues of cost. The level of automated monitoring included (see Table 2 ) is also an important consideration : Level 0 (no monitoring) has no additional cost, but corresponds to a relatively conventional beehive. The cost will tend to increase with the level of monitoring included. A compromise will have to be reached, choosing an appropriate level of automated monitoring whilst keeping the cost down.
With these factors under consideration, we decided to adopt a physical design which would offer a good level of flexibility, such that, if the bees, combs and brood had been removed in some suitable way, additional sensors could be added to the hive if a need was identified for a higher level of monitoring. A hive of capacity approximately 40 dm 3 was again used, with other dimensions consistent with Seeley's recommendations, but this time it was designed to have a cuboidal shape, with flat faces so that the exterior surfaces could be precisely cut from sheets of wood or fibreboard using machine tools. (An estimate of the costs of 3D printing a hive of appropriate capacity with curved surfaces proved too expensive to warrant further investigation.) The prototype hives were each cut from a single sheet of weather-resistant fibreboard. Inside the outer covering, two sides of the hive were made of a fine, semi-transparent wire gauze, allowing inspection of the contents without physically interfering with the interior contents of the hive. Higher or lower quality materials, with corresponding adjustments in cost, could be used according to circumstances. The design included two main boxes : the lower one to hold the queen and brood, the other upper box the honeycombs. We did, however, need to compromise regrading one of Seeley's guidelines. It was decided that hosting the hives 5 metres off the ground would not be practical from the point of view of inspecting and maintaining the hives, so siting each hive on a wooden stand 1.5 metres off the ground was considered to be sufficient to deter most groundbased predators and potential thieves whilst allowing easy inspection and maintenance. This was still considerably higher off the ground than is normal -typically around 30-50 cm -for conventional modern beehives. (See Figure 3. Howard et al (2016) .
The types of event we would hope to use our system to predict, or at least detect in time to take suitable action if necessary, include the colony swarming, loss of the queen (Howard et al 2013) , hive or brood temperature falling below or rising above limits which are safe for the bees or their brood, and infestation by parasites and/or diseases such as varroa mites, European or American foulbrood. Many of these situations require urgent intervention. Ideally, a truly "intelligent" beehive might not only predict and/or detect such emergencies, but also take the correct remedial action. For example, a commonly-used method to treat varroa mite infestation is to sublime oxalic acid vapour over the bees. A possibility which might be worth exploration in the future could be to incorporate a mechanism for automatic oxalic acid treatment of the bees in the hive in a non-invasive way, minimising the disruption to the bee colony. However, such sophisticated attributes remain some way in the future, and even if technologically feasible, might be shown to be prohibitively expensive by a detailed costing.
Although honey harvesting was not an explicit aspect of the design of our "smart hives", it is not actually impossible from them. However, manual collection of honey by removing combs goes against our principle of minimising invasive interventions in the hive. As noted previously, it may be difficult to persuade beekeepers to adopt hives of this type unless honey harvesting, at least on a modest scale, is both permitted and straightforward. The "flow hive" concept recently developed by bee keepers in New Zealand (Flow Hive, 2016) allows removal of honey from individual combs of a hive in a controlled and non-invasive way, causing minimal disruption and much less stress to the bees than do conventional honey extraction methods., and the mechanism for doing this could possibly be incorporated into one of our "smart hives". 7
DISCUSSION AND CONCLUSIONS
We have discussed a slightly unusual case for an Intelligent Environment requiring user-centred design -where the users are not people, but honeybees. Since this situation is non-standard, and user requirements cannot be solicited directly from the users (i.e. the bees), the designers have to rely on evidence on the "preferences" and needs of bees observed by biologists. Although this scenario might at first appear exceptional, a similar situation could occur whenever the "users" could not communicate their requirements and desires to the designers. This could be the case for any nonhuman animals, e.g. to provide an intelligent living environment for domesticated animals such as cows or sheep, for people who cannot communicate with others due to either physical or cognitive disabilities, or even to provide an intelligent environment to sustain particular types of plants, e.g. to provide a suitable environment for tropical plants to thrive in a location with a temperate climate. In any such cases, the designer will have to infer the "user requirements" from evidence from other sources, rather than by asking the users themselves. This adds an extra layer of complication to user-centric design, since the sources of this information may be less reliable than at first thought, and in any circumstance where this is expected to occur, a re-evaluation or "second opinion" of the users' needs, and/or observations of how well the users react to and interact with an early prototype system may be required, followed by a phase of re-design and reimplementation of the system as necessary.
We have discussed the issues and "user requirements" relevant to the situation of a living environment for promoting the well-being of honeybees, identified "user requirements" and proposed various possible "levels" of solution with different degrees of sophistication and "intelligence" -from a "dumb" but bee-friendly hive design to a complex system sensing the environmental conditions and using Artificial Intelligence to take appropriate decisions and actions as appropriate. Our prototype solutions of three different types are currently under evaluation and results are currently being collected and analysed, to be presented in the near future. Further potentially useful developments have been identified and these will be implemented in future prototypes, still to be built.
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